In this work, a general equation of state (EOS) recently derived by Grzybowski et al. [Phys. Rev. E 83, 041505 (2011)] is applied to 51 molecular and ionic liquids in order to perform density scaling of pVT data employing the scaling exponent γ EOS . It is found that the scaling is excellent in most cases examined. γ EOS values range from 6.1 for ammonia to 13.3 for the ionic liquid [C 4 (2010)], that is, γ = (γ EOS /φ) + γ G , where φ is the stretching parameter of the modified Avramov relation for the density scaling of a transport property, and γ G is the Grüneisen constant. This relationship is based on data for structural relaxation times near the glass transition temperature for seven molecular liquids, including glass formers, and a single ionic liquid. For all the compounds examined in our much larger database the ratio (γ EOS /φ) is actually higher than γ , with the only exceptions of propylene carbonate and 1-methylnaphthalene. Therefore, it seems the relation proposed by Paluch et al. applies only in certain cases, and is really not generally applicable to liquid transport properties such as viscosities, self-diffusion coefficients or electrical conductivities when examined over broad ranges of temperature and pressure.
I. INTRODUCTION
Since the first paper appeared in 2004, where the density scaling of dielectric relaxation times is discussed, 1 a number of articles concerning the density scaling of several transport properties have been published in the last few years, directed at an understanding of the connection between the dynamics and the thermodynamics of liquids. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] It has been found that the dielectric relaxation times, 1, 12 the viscosities, 15 , 16 the selfdiffusion coefficients, 16, 17 and the electrical conductivities 16 can all be expressed solely as functions of the group (TV γ ), where T is the temperature, V is the molar volume, and γ a state-independent scaling exponent. Several authors 13, 14, 18 have preferred alternative approaches using reduced variables or residual reduced variables. However, for the condition of common relaxation measurements, actual and reduced properties yield comparable results for the scaling superposition. 13, 14 a) Author to whom correspondence should be addressed. Electronic mail:
josefa.fernandez@usc.es.
Very recently Grzybowski et al. 19 derived an equation of state (EOS) able to describe both isobaric and isothermal pVT data near the glass transition temperature. The form of this equation is
where the subscript 0 refers to a convenient, arbitrarily chosen reference state, and the A i , b j , and the scaling exponent γ EOS are fitted, adjustable parameters. There are a total of six adjustable parameters, whose number is similar or lower than that considered in the commonly used Tait equation 15, 20, 21 once the temperature dependence of all the parameters is taken into account. Equation (1) was derived by Grzybowski et al. 19 from the definition of the isothermal bulk modulus, B T , modified by introducing the exponent γ EOS . Several assumptions 19 were made: (i) that B T (p) is given by a first-order Taylor series expansion about the reference pressure p 0 , γ EOS being the linear coefficient of this expansion and supposed a characteristic constant in the vicinity of the glass transition, (ii) that lnB T (p 0 , T) at the reference pressure p 0 can be described by a first-order Taylor series expansion about the reference temperature T 0 , and (iii) that the temperature dependence of volume V(p 0 , T) at the reference pressure p 0 is given by a second-order Taylor series expansion about the reference temperature T 0 . Taking as their starting point the original Avramov model [22] [23] [24] and its modification due to Casalini et al. 17 and assuming that the maximum activation barrier E max is dependent on density, Grzybowski, Paluch, and co-workers 7, 10 obtained a relation between the scaling exponent derived from relaxation time or viscosity, γ , the Grüneisen constant, γ G , and γ EOS ; this is given as
φ being the stretching exponent in the modified Avramov model 7, 10, 25 for density scaling of a given transport property Y (in their examples Y is mainly the structural relaxation time),
The Grüneisen constant (γ G = (C p /C V − 1)/ α p T )) must be calculated as close as possible to the glass transition, but γ EOS can be calculated by fitting pVT data to any of several equations proposed by Grzybowski et al., 19, 26 i.e., it is insensitive to the actual form employed. Equation (3) is formally identical to the modified Avramov model previously obtained by Casalini et al. 25 The physical meaning of the different parameters involved in Eq. (3) is widely discussed in the literature: see, for example, Refs. 12 and 16. In their recent book, Floudas et al. 27 indicate that the relation (2) is expected to have an important impact on the understanding of linkages between the thermodynamic and the dynamic properties of materials as well as intermolecular interactions, but this requires further investigation with tests for various liquid classes. In this paper, we have tested Eqs. (1) and (2) for several compounds using a broad database of experimental transport property data (Tables I-III) .
II. RESULTS AND DISCUSSION

A. Analysis of the γ EOS values
In a recent article, 16 we have estimated the coefficients of the modified Avramov model 25 for several different transport properties (viscosity, electrical conductivity, and selfdiffusion coefficients), examining both molecular and ionic liquids. Here, using a slightly extended database, we have now checked the performance of Eq. (1) for a wide range of compounds. Firstly, we applied Eq. (1) by following the suggestion of Grzybowski et al. 19 in using as a reference state the lowest temperature at atmospheric pressure (p 0 ) available for each compound. Thus, the numerator was fitted to the volumetric data at atmospheric pressure in order to obtain the A i parameters, and then the volumes at higher pressures were employed to determine the parameters b j and γ EOS . In Tables I-III we present the values obtained for the parameter γ EOS , together with the results for the scaling parameter γ published previously for several different transport properties (namely, the viscosity, η, self-diffusion coefficients, D, and the electrical conductivities, κ) for comparison. The γ values were taken from the previous work 16 except that for propylene carbonate which is determined here.
In all cases the scaling of the densities is very satisfactory, with correlation coefficients ranging from 0.9932 to 0.99999. Following Grzybowski et al., 19 we have also tested the volume scaling of the pVT data according to the equation,
but using the parameters obtained by fitting Eq. (1) . Two examples are presented in Figure 1 . As can be observed, the data collapse onto a master curve confirming the consistency of Eqs. (1) and (4). We have also checked the re-
for the compounds studied. This hypothesis is verified, as it can be seen in (Tables I and III) . The range for γ EOS of molecular liquids is smaller than that of γ obtained from the viscosity.
We find that γ EOS > γ (γ derived from viscosity) for all the compounds considered, except for the group hexane, heptane, octane, cyclopentane, cyclohexane, CCl 4 , dimethyl carbonate, m-xylene, and decalin. This is due to the relatively high values of γ found for this set of compounds. In our previous article 16 we calculated the scaling exponent, γ * , of the reduced viscosities for the first six exceptions (hexane, heptane, octane, cyclopentane, cyclohexane, and CCl 4 ) and Fragiadakis and Roland 2 have also determined the value of γ * for m-xylene, obtaining a value of γ * = 7.5. As the values of γ * are all lower than those of γ , the relationship γ EOS > γ * becomes general. In addition, we find that for the alcohols, pentaerythritol esters, and ionic liquids examined in this work, γ EOS γ . According to Grzybowski et al. 26 , γ EOS is related to the exponent of the repulsive part of the intermolecular potential, n, with n equal to 3γ EOS . This approximation considers that the dynamic properties are governed primarily by the repulsive term of the intermolecular potential, to the extent that this assumption is valid for the property of interest, which can be approximated by an inverse power law (IPL). The phase behavior and the dynamics for real liquids are expected also to be influenced by attractive interactions and other structure-sensitive terms (e.g., Coulombic forces). However, a large number of materials (in particular non-associating molecular liquids and polymers) exhibit characteristics associated with the IPL approximation, including density scaling of the dynamics. It is therefore possible to 16 of molecular and ionic liquids. 28, 29 observing that γ EOS is in the same order of magnitude as the exponent of the repulsive part of the Mie potential. This confirms that the identity n = 3γ EOS lacks generality.
B. Relationships between the different scaling coefficients
Having obtained γ EOS from the values of the density, we are now able to test relation (2) proposed by Paluch et al. 7, 10 for the compounds presented in Table I . Whereas the range of the values of γ EOS and γ η obtained from our database is quite similar to those found by Grzybowski J. Chem. Phys. 136, 214502 (2012) and co-workers, 7, 10 the values of the parameter φ for the glass formers examined by these authors are, in general, significantly higher than those reported in Table I for molecular liquids. We report in Table I the ratio γ EOS /φ (needed to verify the validity of Eq. (2)) for the different values of the parameter φ obtained from the scaling of the viscosity and the selfdiffusion coefficients. The values of this ratio for molecular compounds change quite strongly with molecular structure. The minimum value of the ratio γ EOS /φ η is 3.65 for propylene carbonate and the highest is 27.76, for cyclopentane (φ η is obtained from the scaling of the viscosity). In our previous article, we have demonstrated that both the self-diffusion coefficients and the ratio of the self-diffusion coefficient and the temperature verify the scaling concept. Therefore, it is possible to define the parameter φ in Eq. (3) in both cases, that are specified in Ref. 16 4 ], with the values of this ratio being higher for ammonium-based than for imidazolium-based ionic liquids. For both ionic liquids series, and n-alkanes (up to dodecane), increasing the length of the alkyl chain leads to lower values of the ratio γ EOS /φ, so a size factor seems to be involved.
Thus, we find that as γ EOS /φ is higher than γ for the majority, with only the two exceptions of propylene carbonate and 1-methylnaphthalene (Tables I-III) ; consequently the relation is not verified in the general case for viscosities, selfdiffusion coefficient, or electrical conductivities. One possible explanation for the behavior of these two compounds is that the glass transition temperatures of propylene carbonate and 1-methylnaphthalene are somewhat closer to the temperatures for which transport and density data have been obtained than for the other compounds. This is also true for the examples examined by Paluch et al. 7, 10 Casalini and Roland have pointed out that for a given dynamic property, γ and φ in Eq. (2) are not independent, but show an inverse proportionality. 12 Thus, the parameter φ is to some extent redundant and it would be possible to rewrite Eq. (2) substituting φ by a function of γ . 30 Although this relationship between φ and γ is strictly empirical, it does indicate that the single parameter γ governs the temperature and pressure behavior of the dynamics. 31 We note that Casalini and Roland 12 have obtained empirical relations between γ τ and φ τ derived from relaxation times of 14 glass formers, that could be compatible with Eq. (2). The first relation obtained by Casalini and Roland 12 γ τ φ τ = 17.9 
We observe in Table I that γ EOS ranges between 6 and 13 for the compounds studied. In our previous work, 16 we obtained φ η γ η = (5.6 ± 2.2) for viscosities, a value incompatible with Eq. (5) 
C. Dynamical regimes
The effect of the value of φ on the dynamic properties was recently analyzed by Bair 33 through the Stickel function. We have plotted curves for the Stickel function 34-36 S(X) at the experimental viscosity conditions for the compounds included in Table I , using the relation,
where here we take X = 1/TV γ . Generally this method requires both precise and very closely spaced data for the numerical differentiation. For an Andrade (or Arrhenius) dependence of the viscosity, S is a constant; for the VogelFulcher-Tammann (VFT) equation, S is a line of negative slope, 33 taking in both cases X = 1/T. We have considered X = 1/TV γ and have plotted in bonate (φ η = 2.50) and [C 4 C 1 im][BF 4 ] (φ η = 2.14), directly derived from Eq. (3) with the parameter values given by Lopez et al. 16 The Stickel plots have differently curved shapes for compounds with φ < 1 (slope positive) and φ > 1 (slope negative) as described previously by Bair 33 in his thoughtful analysis. Stickel curves have been used 37, 38 to clearly define the three different dynamical regimes of the temperature and pressure dependences of the transport properties. In the first and third region, Arrhenius behavior is verified, whereas, in the second, a single VFT equation is satisfied. The third region is close to the glass transition temperature. The seven liquids that fit relation (2) for relaxation times, 7, 9, 10 together with propylene carbonate and 1-methylnaphthalene which also fit Eq. (2) when the parameters derived from viscosities are considered, have values of the parameter φ higher than 1, i.e., the Stickel curves for this fluids have negative slopes. The vast majority of the compounds of our database seem to be according with the Stickel plots (in the temperature and pressure ranges examined in this work) in the second dynamical region though it is possible that some data points for the compounds studied in references 7, 9, and 10 could lie in the third region. The Stickel plots confirm the hypothesis that for the compounds presented in this work and with diverse dynamic properties, different dynamic regions are explored, and even if scaling is achieved with the same value of the parameter γ , φ may change with the dynamical region. There are only a few studies as yet that analyze the different dynamic regimes using Stickel plots in terms of TV γ . Bair, 33 found that for decamethyl tetrasiloxane 33 the S(X) curve has a maximum, so φ must then take at least two different values when using the modified Avramov relation (Eq. (3)). We note that in order to represent the Stickel curves of compounds like decamethyl tetrasiloxane, Bair needed a new equation with four parameters rather than two. 33 Hence, further analysis of the relationship between the scaling parameters of the different transport properties and the dynamical regimes could well be necessary to clarify this behavior, and the use of the Stickel plots is likely to be a useful tool.
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